BACKGROUND: This study aimed to investigate the effect of nutrition and growth during the first 4 weeks after birth on cerebral volumes and white matter maturation at term equivalent age (TEA) and on neurodevelopmental outcome at 2 years' corrected age (CA), in preterm infants.
METHODS:
One hundred thirty-one infants born at a gestational age (GA) o31 weeks with magnetic resonance imaging (MRI) at TEA were studied. Cortical gray matter (CGM) volumes, basal ganglia and thalami (BGT) volumes, cerebellar volumes, and total brain volume (TBV) were computed. Fractional anisotropy (FA) in the posterior limb of internal capsule (PLIC) was obtained. Cognitive and motor scores were assessed at 2 years' CA. RESULTS: Cumulative fat and enteral intakes were positively related to larger cerebellar and BGT volumes. Weight gain was associated with larger cerebellar, BGT, and CGM volume. Cumulative fat and caloric intake, and enteral intakes were positively associated with FA in the PLIC. Cumulative protein intake was positively associated with higher cognitive and motor scores (all Po0.05). CONCLUSION: Our study demonstrated a positive association between nutrition, weight gain, and brain volumes. Moreover, we found a positive relationship between nutrition, white matter maturation at TEA, and neurodevelopment in infancy. These findings emphasize the importance of growth and nutrition with a balanced protein, fat, and caloric content for brain development.
P ostnatal growth failure is a common consequence of very preterm birth. A large proportion of very-low-birthweight infants is growth-restricted by the time of hospital discharge and these growth deficits have been reported to persist into childhood and adolescence (1, 2) . Common causes of postnatal growth failure are early postnatal malnutrition as a consequence of feeding intolerance and high levels of energy expenditure because of neonatal illness (e.g., postnatal infections and need for mechanical ventilation). In the first days after birth, preterm infants depend on parenteral nutrition (PN) as their primary source of calories and nutrients, which renders them vulnerable to macro-and micronutrient deficits (2, 3) .
The developing brain is particularly susceptible to postnatal growth deficits, because crucial processes of brain growth and maturation take place in the preterm period (i.e., 24-40 weeks' postmenstrual age, PMA) (4) . The cerebellum and cortical gray matter exhibit the highest growth rates, with four-to fivefold increases in volume (5, 6) . Moreover, the cortex undergoes a remarkable transformation from a largely lissencephalic structure at the end of the second trimester to a highly convoluted mantle at around term equivalent age (TEA) that approximates the morphology of the adult cerebral cortex (5) . Concomitantly, axons develop in the white matter and form connections, neurons migrate from the subplate to the cortical plate, and pre-oligodendrocytes mature to myelin-producing mature oligodendrocytes (7). Thus far, little is known about the impact of early postnatal growth and nutrition in preterm infants on brain development. Vinall et al. demonstrated slower body growth between birth and TEA to be related to higher fractional anisotropy (FA) in the cortex, reflecting delayed cortical maturation (8) . Although nutritional intake was not included in their analyses, findings of this study suggest a pivotal role for the latter. A recent paper showed that impaired caloric, protein and fat intake during the first 2 weeks after birth were related to dysmaturation of the cortex, deep grey matter, and cerebellum, evaluated at TEA (9). Tan et al. reported a correlation between energy deficit during the first month after birth and total brain volume (TBV) at TEA, and between protein-energy deficit and neurodevelopmental outcome at 3 months post-term in infants born before 29 weeks' gestation (10) . Another study in 51 preterm infants did not find a significant relationship between caloric and protein intake and brain volumes, although this study was not powered to assess this association (11) . Moreover, research has shown that nutritional components might influence gut microbiota and this, in turn, may have an impact on brain development and plasticity, through immunological, endocrine, and neural pathways (12) . Hence, the role of postnatal nutrition and body growth in brain development needs to be further investigated. We therefore aimed to extend the findings from previous observations and investigate the association between early postnatal nutritional intake and postnatal growth on brain volumes of specific brain structures and white matter maturation in very preterm infants at TEA, and on neurodevelopmental outcome at 2 years' corrected age (CA). We hypothesized that protein and caloric intake would be related to larger brain volumes of the cerebellum, cortex, and central gray matter, and to improved white matter maturation, reflected by higher FA in the posterior limb of the internal capsule (PLIC) in preterm infants. Furthermore, we postulated that nutritional intake would be associated with higher cognitive and motor scores in late infancy.
METHODS

Subjects
Preterm infants with a gestational age (GA) below 31 weeks, admitted to the level III neonatal intensive care Unit of the Wilhelmina Children's Hospital (Utrecht, The Netherlands) between January 2007 and July 2012, for whom details about nutritional intake were available for at least 28 days after birth and an magnetic resonance imaging (MRI) had been successfully acquired at TEA, were included in this study. Infants with congenital malformations, inborn errors of metabolism, and/or congenital infections of the central nervous system were excluded. The Institutional Review Board of the University Medical Center Utrecht granted ethical permission. Written informed consent was obtained from the parents.
Clinical Parameters
Prenatal, perinatal, and postnatal data were collected by retrospective chart review and are outlined in Table 1 . In addition, weight gain, increase in head circumference (HC), length, days of PN, and time until full enteral feeding were extracted from the medical records. Weight gain was defined in g/kg/day over the first 28 days and was calculated by exponential method as reported by Patel et al. (13) . Increase in HC and length was calculated in cm/week over the first 4 weeks after birth.
Nutritional Intake
Data on daily cumulative parenteral and enteral protein, fat, and caloric intake during the first 28 days after birth were retrieved from the electronic medical records. Enteral nutrition from mother's milk (MM) and preterm infant formula (Friso Prematuur; FrieslandCampina Singapore, Singapore) was recorded separately. MM was assumed to contain 75 Kcal/100 ml, 1.4 g of protein/100 ml, 3.4 g of fat/100 ml, and 6.6 g of carbohydrate/100 ml (ref. 14) . Macronutrient contents of formula, human milk fortifier, and parenteral solutions were calculated based on the published manufacturers' recordings and included protein, lipids, and glucose expressed in g/ kg administered over the first 28 days. Cumulative caloric intake was calculated based on the cumulative amount of parenteral and enteral nutrition and was calculated in kcal/kg over the first 28 days.
Feeding Protocol
The nutrition protocol at our institution consisted of enteral and PN that was initiated as soon as possible after birth and was slowly increased to 150-180 ml/kg/day, which was aimed to be reached on day 7 after birth. Minimal enteral feeding was introduced within 24-48 h after birth. The amount was increased by 20 ml/kg every day if enteral nutrition was tolerated. MM was enriched with fortifier when enteral feeding of 120 ml/kg/day was reached (Friso BMF, FrieslandCampina Singapore). Preterm formula was administered to the infant when MM was not available. PN was introduced on the first day after birth containing glucose and amino acids (Primene 10%). A lipid solution (Intralipid 20%) was added on day 2 after birth. Amino acid and lipid intake were slowly increased to a maximum of 2.6 g/kg amino acids on day 3 or 4 after birth and 1.7 g/kg lipids on day 4 or 5 after birth.
Magnetic Resonance Imaging MR investigations were performed on a 3 tesla MR system (Philips Healthcare, Best, the Netherlands) using an eight-channel SENSE head coil. Infants were sedated using 50-60 mg/kg chloral hydrate administered by nasogastric tube 15 min before the examination as per the clinical protocol. Next, infants were placed in a vacuum fixation pillow to reduce spontaneous head movements (Kohlbrat and Bunz, Radstadt, Austria) and earmuffs (Natus Medical, San Carlos, CA) were applied for hearing protection. Heart rate, transcutaneous oxygen saturation, and respiration rate were continuously monitored and a neonatologist was present throughout the entire examination. The scanning protocol included T2-and T1-weighted imaging and diffusion tensor imaging (DTI) 
Volumetric Measurements
Brain volumes were computed using an automatic segmentation method that segments eight different brain structures; cortical gray matter (CGM), basal ganglia, cerebral ventricles (Vent), unmyelinated white matter, myelinated white matter, brainstem, cerebellum, and TBV (17) . From these segmentations, CGM, basal ganglia and thalami (BGT) volumes, and cerebellar volumes were selected for further analyses based on the a priori hypothesis that nutrition would particularly influence growth and development of these structures. TBV was defined as the volume of all brain structures, that is, intracranial volume without the volume of the ventricles and cerebrospinal fluid. A representative example of the automatic segmentation results is outlined in Figure 1 .
DTI Analysis
All images were visually inspected to ensure good data quality. DTI images were first corrected for eddy current distortions and small head movements. Data sets were excluded in case five or more volumes (i.e., diffusion directions) had motion artifacts. Second, the diffusion tensor was fitted to each voxel using a reweighted linear least squares estimation after excluding outliers using a robust fitting approach (REKINDLE). An automated neonatal atlas (18) was registered to the FA maps of the DTI data using affine and elastic registration "Elastix" (19) . Outliers were not manually excluded because the tensor reconstruction algorithm accounts for that. FA values of the bilateral PLIC were calculated based on the automated neonatal atlas. Representative examples of the registration of the PLIC from the neonatal atlas to individual FA maps are provided in Figure 2 .
Neurodevelopment Assessment
Neurodevelopmental outcome was assessed at 2 years' CA using the Bayley Scales of Infant and Toddler Development, 3rd edition (Bayley-III). Cognitive and motor composite scores were used (mean in a normative population 100, SD 15).
Statistical Analysis
Data analysis was performed using IBM SPSS Statistics (SPSS, Chicago, IL). Growth and nutrition details were related to volumes of the different brain structures (BGT, CGM, cerebellum, and TBV), FA-values in the PLIC, and neurodevelopmental outcome using linear regression analyses. First, brain volumes were adjusted for PMA at the time of scan. To this end, brain tissue volume-PMA ratios were calculated for each brain structure. FA values were corrected for PMA at the time of scan by calculating FA-PMA ratios. As illness severity is known to influence brain development, perinatal and postnatal risk factors were subsequently included as covariates in a multivariable regression model. The following variables were entered into the model: GA, birth weight (BW) z-score, computed according to the Dutch Perinatal registry reference data (20) , gender, WMI score, bronchopulmonary dysplasia (BPD), patent ductus arteriosus (PDA), blood culture-proven sepsis, necrotizing enterocolitis (NEC), intraventricular hemorrhage (IVH), cerebellar injury, and duration of PN. In the final multivariable regression model, relevant perinatal and neonatal factors that showed an association with brain metrics and/or neurodevelopmental outcome at the alpha level o0.05 were included. Results were presented as coefficients of the independent variables with the 95% confidence intervals. Articles | Coviello et al.
RESULTS
The demographic and clinical characteristics of the 131 patients enrolled in the study are shown as mean, SD, and range in Table 1 . Enteral intake and cumulative parenteral and enteral intakes in the first 4 weeks after birth are shown in Table 2 .
Early Nutrition and Brain Volumes at TEA
Overall results are shown in Table 3 . After correction for BW Z-score, GA, PMA, WMI, and clinical risk factors (BPD, PDA, blood culture-proven sepsis, NEC, IVH, and cerebellar injury), cumulative fat and caloric intakes were positively related to larger cerebellar volumes (Po0.01 and Po0.05, respectively). Enteral protein, fat, and caloric intakes were also positively associated with cerebellar volume (all Po0.01; Figure 3 ). Increased cumulative fat, enteral protein, fat, and caloric intake were associated with larger BGT volumes (all Po0.05). Enteral protein intake was related to larger TBV (P = 0.01). After correction for BW Z-score, GA, PMA, WMI, and clinical risk factors (PDA, NEC, BPD, sepsis, IVH, and cerebellar injury) longer duration of PN was associated with smaller TBV, cerebellar, BGT, and CGM volume (all Po0.01). Conversely, weight gain, measured in g/kg/day, during the first 4 weeks showed a significantly positive association with TBV, cerebellar, BGT, and CGM volumes (all Po0.01; Figure 4) . Cumulative protein intake, the amount of MM, HC, and length growth were not related to any of the brain volume measurements.
Early Nutrition and White Matter Maturation at TEA
Cumulative caloric and fat intakes, after correction for GA, BW Z-score, gender, WMI, IVH, BPD, and PDA, were positively associated with FA in the left PLIC as measured at TEA (all Po0.05). Enteral protein, fat, and caloric intakes over the first 28 days of life showed a positive relationship with FA in the PLIC (all Po0.01; Figure 5 ), whereas days of PN showed a negative association with FA (Po0.05). Weight gain, HC, and length growth in the first 4 weeks were not correlated with FA in the PLIC ( Table 3 ). The amount of MM was not related to FA in the PLIC. A positive association between the amount of MM and FA in the left PLIC was found in males only (B = 0.001, confidence interval = 0.000-0.002, Po0.05).
Early Nutrition and Neurodevelopmental Outcome at 2 Years' CA
Cumulative protein intake was positively associated with higher cognitive and motor scores at 2 years' CA (all Po0.05). Findings persisted after controlling for BW Z-score, GA, gender, WMI, and clinical risk factors (BPD, PDA, blood culture-proven sepsis, NEC, and IVH; all Po0.05). Cumulative energy intake showed a trend on cognitive score (P = 0.051). Enteral intake, amount of MM, weight gain, HC, and length growth in the first 4 weeks were not related to neurodevelopmental outcome at 2 years' CA ( Table 4) .
DISCUSSION
The results of this observational cohort study reveal early weight gain and macronutrient intake to be positively related to brain volumes of specific brain structures including the cerebellum and central gray matter, white matter maturation at TEA, and to neurodevelopmental outcome in late infancy in very preterm infants. These associations appeared to be independent of illness severity, as they persisted after adjustment for several variables reflecting neonatal morbidity.
Early Nutrition and Brain Volumes at TEA
The findings of a positive association between weight gain, nutritional intake, and volumes of different brain structures as observed in our study are in line with findings previously reported in the literature. Tan et al. found higher energy intake in the first 28 days to be related to larger TBVs and higher mental and psychomotor scores on the Bayley Scales of Infant and Toddler Development at 3 months of age (10) .
Other studies in preterm infants that evaluated the influence of nutrition on brain size and neurodevelopmental outcome found contradictory results (11, 21, 22) . HansenPupp et al. did not find any correlation between protein and caloric intake and brain volumes at TEA, nor with neurodevelopmental outcome at 2 years' CA; however, the authors revealed higher insulin-like growth factor-1 levels to be associated with larger brain volumes of the unmyelinated white matter, gray matter, and cerebellum as measured at Caloric intake 1week (kcal/kg) 51 ± 7
Caloric intake 2, 3, 4 weeks (kcal/kg) 110 ± 14
Protein from enteral nutrition a (g/kg/day) 1.5 ± 0.4
Fat from enteral nutrition a (g/kg/day) 3.8 ± 1.0
Calories from enteral nutrition a (kcal/kg/ day) TEA (11, 21) . In our study, nutritional intake displayed the strongest association with cerebellar volume. The cerebellum shows the highest growth rate compared with other intracranial structures during the last trimester of pregnancy. This phase of rapid cerebellar development likely represents a period of particular vulnerability. It has been demonstrated that preterm infants without any evidence of brain injury on their MRI showed smaller cerebellar volumes at TEA compared with term infants (23, 24) . This finding suggests that cerebellar development is impeded during the early weeks of premature life, even in the absence of demonstrable cerebral or cerebellar MRI injury, and may therefore be particularly sensitive to environmental factors including nutrition (23, 25) . Experimental studies support this. Maternal protein malnutrition in mice reduced cell proliferation and thickness in the external granular layer and reduced the number of calbindin-positive Purkinje cells and granular cells in the internal granular layer of the cerebellum in their offspring (26) . Shorter duration of PN and higher enteral nutrition intake were related to larger volumes of the BGT as measured at TEA. These findings are in line with previous observations from a long-term follow-up study, in which standard preterm formula given during the first 4 weeks after birth in very-preterm infants was related to larger caudate volumes at the age of 16 years in comparison with standard full-term formula (22) . Furthermore, larger caudate volumes were related to higher verbal IQ in males. Our results now suggest that beneficial effects of improved nutrition on brain development may manifest as early as TEA. In addition, GA and severity of respiratory distress/BPD were described to be associated with reduction in basal ganglia volume (27) . In our study, nutrition and weight gain were associated with larger BGT volumes, which persisted after adjustment for BPD. On the basis of our findings we speculate that some of the adverse effects of severe respiratory disease might be mitigated by adequate nutritional support.
Duration of PN showed a negative impact on brain volumes and FA in the PLIC. An explanation for this observation may be that infants who need PN longer are generally sicker and frequently exhibit enteral nutrition intolerance. Macronutrient intakes from PN are often suboptimal because of the need of fluid restriction and supplemental infusions in critically ill infants, especially soon after birth. Furthermore, current amino-acid mixtures are not optimized for preterm infants with different metabolic conditions and at different stages of development. In the present study it is not possible to disentangle the effect of inadequate nutritional intake from the effect of severe illnesses. Additional analyses revealed that weight gain during first 4 weeks was associated with larger brain structures at TEA. Previous studies examining intrauterine growth retardation (IUGR) and brain volumes early in life showed that IUGR was associated with significant volume reductions in CGM volumes, hippocampus, and infratentorial brain regions (including the brainstem and cerebellum) (28) . In addition, a recent study demonstrated that IUGR newborns showed altered brain metabolite profiles and brain structures BGT, basal ganglia-thalami; CB, cerebellum; CGM, cortical grey matter; CI, confidence interval; FA, fractional anisotropy; HC, head circumference; PLIC, posterior limb internal capsule; PN, parenteral nutrition; TBV, total brain volume;
TEA, term equivalent age. *Po0.01.
at 12 months of age (29, 30) . The importance of postnatal growth for neurodevelopmental outcome of preterm infants has consistently been reported. Ehrenkranz et al. showed that faster weight gain and HC growth in the NICU were associated with higher cognitive and motor scores and a marked reduction in cerebral palsy at 18-22 months of age (2) . Vinall et al. demonstrated a correlation between weight gain, HC growth, and cortical structural development in a DTI study (8) .
Early Nutrition and White Matter Maturation at TEA
This study showed that increased enteral nutritional intake and shorter duration of PN were related to higher FA values in the PLIC as a measure of white matter maturation. FA in the PLIC has been shown to be positively related to increasing GA and better motor performance at 2 years' CA (31) . Increase in FA observed with increasing maturation is thought to result from a combination of factors related to brain development, including an increase in myelination. Cumulative calories (kcal/kg) According to our results, lipids seem particularly important for white matter maturation, showing a large effect size. Phospholipids such as arachidonic acid and docosahexaenoic acid (DHA) are essential for brain growth, function, and integrity, as they constitute~25% of the white matter. DHA incorporates into the membrane bilayer, and increases the degree of flexibility and direct interaction with membrane proteins. This has an impact on the speed of signal transduction and neurotransmission and might be related to brain growth and development (32) . A recent study in 14 preterm infants, who received an enhanced parenteral and enteral feeding regimen, reported improved HC and decreased regional white matter diffusivity at TEA, the latter being suggestive of improved maturation of cerebral white matter tracts (33) . In addition, Dabydeen et al. showed that WMI may be alleviated by nutritional intervention. In their study of 16 infants with perinatal brain damage, a high energy and protein diet during the first year after birth resulted in significantly larger axonal diameters of the corticospinal tract and HC at the age of 1 year (34). Our results are in line with these findings, suggesting that improved early nutrition may enhance white matter maturation.
A positive correlation between the amount of MM and FA in the left PLIC was found in males only. The mechanism by which MM is thought to exert its effects on cognitive development is mainly related to its fatty-acid composition, which contains DHA and trophic factors such as insulin-like growth factor-1. A recent study demonstrated that breastfeeding during infancy was associated with better white matter development at 8 years of age in boys (35) In addition, our results showed a positive association between cumulative protein intake and neurodevelopment. Animal models have shown that adequate provision of protein during fetal development and the early postnatal period are essential for brain growth and myelination, and that the cortex, hippocampus, and cerebellum appear to be the most vulnerable brain structures to protein deficit (37) . In humans, it has been demonstrated that optimizing protein and energy intake in the neonatal period has an impact on cognition, with effects persisting until adolescence (38, 39, 22) . It is important to note that during the study period protein and lipid intakes were below current recommendations. This may limit the ability to apply these results to premature infants who are receiving adequate amounts of nutrients at other centers. Since 2013, a new feeding regimen that aimed to reach 3.5-4 g/kg/day of protein and 3-4 g/kg/day of lipid in the first days after birth has been applied in the Wilhelmina Children's Hospital. Whether increasing protein and lipid intake during this period will improve brain volumes and white matter maturation should be investigated.
Limitations
This study has some limitations that need to be taken into account. First, its retrospective and observational design may lead to the risk of confounding bias. In fact, the patient's feeding management could have been influenced by the physician's impression of the infant's health. Thus, enteral feedings might be initiated earlier and advanced faster in newborns supposed to be healthier. Second, the exact composition of MM was not measured and was therefore obtained from the literature. Significant interindividual variations on human milk composition have been reported, depending on the stage of lactation. Third, this cohort had a rather high blood culture-proven sepsis rate of almost 40%. This might limit the ability to generalize these data to other centers. Furthermore, future research would benefit from extending specific infant growth parameters, such as body composition and nutrition measurements, to include data about neonatal gut microbiome composition. A growing literature draws attention to the importance of balanced gut microbiota for healthy early brain development and to promote cognitive functions (12, 40) . The microbiome interacts with the brain through hormonal, immunological, and neural pathways. Given that inflammation has a critical role in white matter deficits in preterm infants, microbiota changes have been postulated to specifically influence growth and development of white matter structures (12) .
CONCLUSION
In conclusion, the results of this retrospective cohort study reveal a consistent positive association between early postnatal nutritional intake in preterm infants and brain volumes at TEA of the cerebellum and BG. They also demonstrate a positive relationship of early-life nutritional intake with white matter maturation as reflected by higher FA in the PLIC and with neurodevelopmental outcome at the age of 2 years. Improved weight gain was related to larger brain volumes. These findings emphasize the importance of early postnatal growth and nutrition, with a balanced protein, fat, and caloric content for early brain development. 
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